Escherichia coli catabolizes L-tartrate under anaerobic conditions to oxaloacetate by the use of L-tartrate/succinate antiporter TtdT and L-tartrate dehydratase TtdAB. Subsequently, L-malate is channelled into fumarate respiration and degraded to succinate by the use of fumarase FumB and fumarate reductase FrdABCD. The genes encoding the latter pathway (dcuB, fumB and frdABCD) are transcriptionally activated by the DcuS-DcuR two-component system. Expression of the L-tartrate-specific ttdABT operon encoding TtdAB and TtdT was stimulated by the LysRtype gene regulator TtdR in the presence of L-and meso-tartrate, and repressed by O 2 and nitrate. Anaerobic expression required a functional fnr gene, and nitrate repression depended on NarL and NarP. Expression of ttdR, encoding TtdR, was repressed by O 2 , nitrate and glucose, and positively regulated by TtdR and DcuS. Purified TtdR specifically bound to the ttdR-ttdA promoter region. TtdR was also required for full expression of the DcuS-DcuR-dependent dcuB gene in the presence of tartrate. Overall, expression of the ttdABT genes is subject to L-/meso-tartratedependent induction, and to aerobic and nitrate repression. The control is exerted directly at ttdA and in addition indirectly by regulating TtdR levels. TtdR recognizes a subgroup (L-and mesotartrate) of the stimuli perceived by the sensor DcuS, which responds to all C 4 -dicarboxylates; both systems apparently communicate by mutual regulation of the regulatory genes.
INTRODUCTION
Escherichia coli is able to use a large number of C 4 -dicarboxylates for growth under anaerobic conditions. Fumarate is the substrate for fumarate respiration, which produces succinate as the end product. Fumarate is taken up by the fumarate/succinate antiporter DcuB (dcuB gene) and reduced to succinate by fumarate reductase FrdABCD (frdABCD genes) (Cole et al., 1985; Engel et al., 1994; Golby et al., 1998; Miles & Guest, 1984 , 1987 Six et al., 1994; Unden & Kleefeld, 2004) . C 4 -dicarboxylates, such as L-malate, D-tartrate and aspartate, are transported by the same transporter, DcuB. After conversion by fumarase and aspartase to fumarate, the substrates are used for fumarate respiration as well (Falzone et al., 1988; Nimmo, 1987) .
The anaerobic degradation of L-tartrate differs to some extent from the pathway for the above C 4 -dicarboxylates. L-Tartrate is transported by the L-tartrate/succinate antiporter TtdT Reaney et al., 1993) and dehydrated by L-tartrate dehydratase TtdAB to oxaloacetate. The ttdAB ttdT genes are organized in an operon and jointly transcribed . Oxaloacetate is reduced to L-malate, which is then converted to succinate by the aforementioned reactions of fumarate respiration. meso-Tartrate, on the other hand, supports no significant growth of E. coli K-12. L-Tartrate (2,3-dihydroxysuccinate), which carries the hydroxyl groups at C2 and C3 in the 2R,3R configuration, is the most common form of tartrate. It is produced by many plants, in particular Vitaceae, Geraniaceae and Leguminosae, and is found in grapes and wine in considerable amounts (Ruffner & Rast, 1974) . DTartrate (2S,3S configuration of the hydroxyl groups) is produced only by a few plants, whereas meso-tartrate (2S,3R) is not of biological origin.
Two different transcriptional regulators controlling expression of the genes of anaerobic C 4 -dicarboxylate metabolism have been described in E. coli. DcuS-DcuR is a twocomponent system consisting of the sensor kinase DcuS and the response regulator DcuR (Golby et al., 1999; Janausch et al., 2002; Zientz et al., 1998) . DcuS-DcuR controls the expression of genes for the 'general' C 4 -dicarboxylate metabolism, such as dcuB, fumB and frdABCD. The LysR-type regulator TtdR, on the other hand, regulates genes ttdABT of L-tartrate fermentation (Oshima & Biville, 2006) . DcuS responds to all types of C 4 -dicarboxylates, such as succinate, fumarate, L-malate, aspartate, and L-and D-tartrate (Kneuper et al., 2005 ). An earlier study by Oshima & Biville (2006) showed that expression of ttdAB is regulated by L-tartrate and TtdR. Other potential effectors controlling TtdR have not been identified, and the difference in regulation from DcuSDcuR-responsive genes is not clear. Differential regulation of TtdR and DcuS-DcuR-regulated genes is of particular interest, since DcuS-DcuR responds to L-tartrate as well, and since fumarate respiration is an essential part of L-tartrate fermentation.
For a closer understanding of the TtdR regulatory system and its relation to the DcuS-DcuR system, the substrate specificity of TtdR was determined and compared to that of DcuS by the use of TtdR-and DcuS-dependent reporter gene fusions. It was shown that TtdR-regulated genes respond only to L-and meso-tartrate, whereas the DcuSDcuR-dependent genes are induced by all C 4 -dicarboxylates. In addition, expression of ttdR is transcriptionally regulated by the DcuS-DcuR system. It has been suggested that the anaerobic induction of the ttdAB genes is independent of the O 2 -sensitive regulator FNR (fumarate nitrate reductase regulator) (Oshima & Biville, 2006) . Reevaluation of expression studies using ttdA9-9lacZ reporter gene fusions shows that FNR is the main regulator in response to O 2 , similar to the regulation of other genes of anaerobic respiration and fermentation.
METHODS
Bacterial strains and growth conditions. For genetic work the bacteria (Table 1) were grown aerobically in Luria-Bertani (LB) broth (Sambrook & Russell, 2001) . Expression studies and growth experiments were performed in enriched M9 (eM9) medium Lehnen et al., 2002) , which is M9 minimal medium (Miller, 1992) supplemented with acid-hydrolysed casein (Gibco-BRL) (0.1 %, w/v) and L-tryptophan (0.005 %, w/v). For anaerobic growth, the bacteria were incubated at 37 uC in degassed media in rubber-stoppered infusion bottles under N 2 . The medium contained glycerol (50 mM) and Na-gluconate (50 mM) as C-and energy sources, and DMSO (20 mM) as electron acceptor. Fumarate, L-, D-or meso-tartrate, succinate, D-or L-malate, or nitrate (Na salts, 50 mM each) was added as indicated. Aerobic growth was performed in eM9 medium with gluconate (50 mM) in shaken (170 r.p.m.) Erlenmeyer flasks with baffles filled to no more than 15 % of the maximal volume.
Construction of lacZ reporter gene fusion. Promoter regions of the genes ttdA and ttdR were amplified with primer pairs (restriction sites underlined) ttdA_eco20 (59-TGG GTG AGG AAT TCC AAC GC-39) and ttdA_sal20 (59-CAT CGT CGA CGT TTC GGC AT-39), or ygiP_eco20 (59-CAG GAG AAT TCA GGT CAA TC-39) and ygiP_bam20 (59-ATT TGG ATC CGC TTG GTG AC-39) from genomic DNA of E. coli LJ1. The promoter regions were cloned into the respective restriction sites of reporter fusion plasmids pJL28 and pJL29, yielding pMW322 and pMW383, respectively. For the dcuB9-9lacZ fusion, plasmid pMW99 was used (Zientz et al., 1998) . The ttdA9-9lacZ and ttdR9-9lacZ fusions were additionally transferred to the att site of the chromosome with phage lRZ5 (Bongaerts et al., 1995; Ostrow et al., 1986) .
Inactivation and deletion of ttdR. The ttdR gene was deleted according to Datsenko & Wanner (2000) , as described by . The chloramphenicol resistance (cm R ) cassette from plasmid pKD3, which is flanked by flippase recognition target (FRT) sequences, was amplified for insertional inactivation. Primers ygiP_H1P1 (59-CGA AAT TCA AAA GAA GAA AGC GCG AAA AGG ATC CCG AGT GAT TTC TGG TGG ATG TGT AGG CTG GAG CTG CTT C-39) and ygiP_H2P2 (59-CAA TGT TTT GCG AAA TAC ACT GCG CTT ATC ACA ACT GCG GAT AAT TAA CGC ATA TGA ATA TCC TCC TTA G-39) were used, which contain parts of the regions adjacent to FRT and of the target gene ttdR. The PCR products were purified, concentrated and used for transformation.
Chloramphenicol-resistant colonies were tested for loss of the helper plasmid (pKD46) by ampicillin sensitivity. To delete the cm R cassette, the ttdR : : cm R mutant was transformed with the FLP helper plasmid pCP20 and selected at 30 uC (Cherepanov & Wackernagel, 1995) . The ttdR : : cm R and DttdR mutant genotypes were verified by PCR with test primers ygiP_test_frd (59-GCA ATG TCA GCG TAA CTG AG-39), ttdA_rev_RT (59-TCG AAG ACG AAT TTC ACC AC-39), cat_frd (59-GAG ATT ATG TTT TTC GTC TCA GCC AAT CC-39), cat_rev (59-CTA TCC CAT ATC ACC AGC TCA CCG TCT TTC-39) and cat_mitte (59-CTC TGG AGT GAA TAC CAC GAC-39).
Overproduction and purification of TtdR. For growth (complementation) experiments, the coding sequence of ttdR was amplified by PCR with primers ygiP_eco27 (59-CGG ATA ATT AGA ATT CCT GAA TAG CTG-39) and ygiP_sal27 (59-GAT TTC TGG TGG TCG ACC CAT GAC CTG-39) and cloned in pASK75CA (IBA, Göttingen) at EcoRI and SalI restriction sites. The insert in the resulting plasmid pMW376 contains the complete coding region of ttdR, but without start and stop codons. Expression is under the control of the tet promoter. For overproduction of TtdR, the coding sequence of ttdR was obtained from pMW376 by restriction with EcoRI and SalI and cloned into pET28a (Novagen), which carries an N-terminal His 6 -tag, resulting in plasmid pMW379. TtdR production was induced in E. coli BL21(DE3) harbouring pMW379 for 2 h by the addition of IPTG (1 mM) at OD 578 0.7-0.8. The harvested bacteria were suspended in buffer 1 (50 mM sodium/potassium phosphate buffer, pH 7, 20 mM imidazole, 300 mM KCl, 5 % glycerol, v/v) and disrupted in a French pressure cell (83 bar). After centrifugation for 20 min at 8600 g, His 6 -TtdR was purified from the cell extract using Ni 2+ -NTAagarose. After equilibrating the column (0.5 ml) with 10 ml buffer 1, the cell extract was applied and washed with 10 ml buffer 2 (50 mM sodium/potassium phosphate buffer, pH 7, 60 mM imidazole, 300 mM KCl, 5 % glycerol, v/v). His 6 -TtdR was eluted five times with 0.5 ml buffer 3 (50 mM sodium/potassium phosphate buffer, pH 7, 500 mM imidazole, 300 mM KCl, 5 % glycerol, v/v). All steps were performed at 4 uC.
Electrophoretic mobility shift assay (Lehnen et al., 2002) . The ttdABT promoter region (586 bp) was amplified by PCR from plasmid pMW322 with primers ttdA_eco20 (59-TGG GTG AGG AAT TCC AAC GC-39) and ttdA_sal20 (59-CAT CGT CGA CGT TTC GGC AT-39), and the dcuB promoter region from plasmid pMW99 with primers yjdG_eco (59-GCG TCC AGT TTA CCG TTA CCG AAT TCA GGC-39) and dcuB_bam (59-AAG TTG GAT CCT AAA TAA CAT GTG TGA ACC-39). The DNA was labelled radioactively at the 59 end with [a- above) of E. coli BL21(DE3) pMW379 in binding buffer (10 mM Tris/ HCl, pH 7.5, 10 %, v/v, glycerol, 2.5 mM EDTA, 50 mM KCl, 0.1 mM DTT, 4 mM spermidine, 12.5 ml sonicated calf thymus DNA, 1 mg BSA, in a final volume of 20 ml) for 30 min at 20 uC. After incubation, the mixture was loaded on a 5 % non-denaturing polyacrylamide gel. Electrophoresis was performed for 30 min at 100 V and 2 h at 160 V in TBE buffer (90 mM Tris, 90 mM borate, 2 mM EDTA). The gel was dried and exposed to X-ray film.
Assay of b-galactosidase. The bacteria were grown in eM9 medium under aerobic or anaerobic conditions. The subcultures for inoculation were grown with the same media and substrates as for the main experiment. From exponentially growing bacteria (OD 578 0.5-0.7), the activity of b-galactosidase was determined according to Miller (1992) . The activities were determined from at least three independent growth experiments, each measured in triplicate, and standard deviation was calculated.
RESULTS

Induction of L-tartrate fermentation is regulated by TtdR and L-or meso-tartrate
TtdR is required for induction of ttdAB by tartrate (Oshima & Biville, 2006) . The contribution of the regulators TtdR and DcuS-DcuR to the expression of ttdABT and the type of effectors of TtdR were determined (Fig. 1) . In the wild-type background, expression of plasmid-encoded ttdA9-9lacZ was stimulated to a high level (64-fold) by L-tartrate during anaerobic growth. mesoTartrate caused slightly lower (47.5-fold) induction, whereas other C 4 -dicarboxylates, such as D-tartrate, Dmalate and fumarate, had no significant effect. The stimulation by L-and meso-tartrate was lost nearly completely in a ttdR-negative strain, whereas inactivation of DcuS showed no effect. Deficiency of the bacteria for the regulator TtdR also caused complete loss of anaerobic growth on L-tartrate. The growth deficiency was restored by introducing ttdR on a plasmid, yielding about twothirds of the wild-type growth rate; similarly, plasmidencoded ttdR restored most of the anaerobic induction of a ttdA9-9lacZ fusion by L-tartrate. Anaerobic growth on Dtartrate, which is independent of tartrate-specific enzymes , was not affected by deletion or inactivation of the ttdR gene (not shown). meso-Tartrate, which induced expression of ttdA9-9lacZ, did not support anaerobic growth even when additional electron donors such as glycerol were present.
Expression of ttdA is repressed by O 2 in an FNRdependent manner
During aerobic growth, expression of ttdA9-9lacZ was very low in the presence or absence of L-tartrate, and it increased by a factor of about 220 under anaerobic conditions (Fig. 2) . In a strain lacking the fnr gene, the anaerobic induction of ttdA9-9lacZ encoded on a plasmid (Fig. 2) or on the chromosome (not shown) was mostly lost. Inactivation of arcA, which encodes the response regulator of the ArcBA (aerobic respiratory control) twocomponent system, caused no decrease of the anaerobic induction of ttdA9-9lacZ. Both mutations (fnr and arcA) had no major effect on the repression of ttdA9-9lacZ by aerobic conditions. Thus, expression of ttdA requires transcriptional activation by FNR, which is in the active state only under anaerobic conditions (Guest et al., 1996) .
Due to overlapping promoter regions of ttdR and ttdA, it is not clear whether the effect of oxygen on ttdA expression is direct or indirect, that is by oxygen-dependent control of ttdR expression, which then regulates ttdA. In order to exclude regulatory effects due to changing TtdR levels, a constant level of TtdR was maintained in an experiment under aerobic and anaerobic conditions. The ttdR gene was supplied to the bacteria on a plasmid where ttdR was under the control of an IPTG-inducible T7 promoter. The reporter was a chromosomal ttdA9-9lacZ fusion, the expression of which was significantly lower (by about a factor of 30) compared to the plasmid-encoded fusion due to the single copy compared to the multicopy situation for the plasmid-encoded fusion. The decrease can be explained by the single copy of the chromosomal ttdA9-9lacZ fusion. When the bacteria contained the wild-type allele of ttdR on the chromosome (strain IMW567), where ttdR was subject to normal regulation, the ttdA9-9lacZ fusion was induced by a factor of 2.3 by anaerobic conditions. Thus, in the test system, the expression of ttdA was still sensitive to the presence of oxygen, though to a decreased extent. When ttdR was instead supplied on the plasmid with constitutive expression, expression of ttdA9-9lacZ increased by a factor of 3.3 under anaerobic conditions. Thus, anaerobic induction was retained in the strain with aerobically and anaerobically constant TtdR levels, suggesting that anaerobic induction affects ttdA expression directly, rather than indirectly via changed TtdR levels.
The presence of nitrate (Fig. 2 ) strongly repressed ttdA (factor 8). Nitrate repression was relieved for the most part in a narL narP double mutant. The narL and narP genes encode the response regulators of the alternative nitrate and nitrite two-component systems NarXL and NarPQ of E. coli. Inactivation of the NarXL system alone by the narL mutant abolished only part of the nitrate repression, which is in agreement with the assumption that NarXL and NarQP contribute to the nitrate repression of ttdA. The experiments indicate that ttdAB is under nitrate repression, which is characteristic for the regulation of fumarate respiration and of fermentation in E. coli (Gunsalus, 1992; Stewart, 1993; Unden & Bongaerts, 1997) . When glucose was present in addition to L-tartrate, expression of ttdA9-9lacZ was decreased to 24 % of the L-tartrate-induced state (results not shown). Overall, the data suggest that expression of ttdA is subject to aerobic, nitrate and glucose repression.
TtdR contains five cysteine residues, two of which (C170 and C193) are conserved in most of the TtdR/TtuA-type Ltartrate regulators. A potential role of the conserved Cys residues in the O 2 -dependent regulation of ttdA9-9lacZ expression was tested in a strain containing alleles of ttdR where the conserved Cys170 and Cys193 residues were mutated. The corresponding alleles were supplied on a plasmid in a strain lacking chromosomal ttdR. TtdR mutants with the Cys170Ala and Cys193Ala mutations singly and in combination showed a regulatory phenotype in response to O 2 that was the same as that of the wildtype, demonstrating that the conserved Cys residues have no essential role in TtdR function, and in particular, not in O 2 -dependent regulation.
Regulation of ttdR expression
The expression of LysR-type regulators such as TtdR is often subject to autoregulation or regulation by other regulators. The expression of ttdR was tested in response to TtdR, DcuS-DcuR and electron acceptors (Fig. 3) . For the studies, a chromosomal (single copy) ttdR9-9lacZ fusion was used in order to avoid problems with variations in the copy number of the plasmid during growth. Problems of this type can complicate the interpretation of expression data from plasmid-encoded genes when the genes show only low expression changes, as might be expected for genes encoding gene regulators. In the wild-type background, expression of ttdR was stimulated by factors of 2.7-3.1 by the presence of L-tartrate, fumarate or mesotartrate. Glucose in the medium repressed the gene to levels below the non-induced state, even when L-tartrate was present as an inducer. Aerobic conditions and nitrate caused strong repression of ttdR, even in the presence of L-tartrate.
In the ttdR-deficient strain, about half of the stimulation of ttdR9-9lacZ by L-tartrate was lost, whereas the induction by fumarate and meso-tartrate was retained for the most part, indicating that the induction by L-tartrate depends in part on TtdR. In the dcuS-deficient strain, on the other hand, fumarate, and unexpectedly also L-tartrate, meso-tartrate and D-malate, no longer induced ttdR expression. Thus, ttdR appears to be subject to positive autoregulation by TtdR, like many LysR-type transcription regulators (Schell, 1993) , and to positive regulation by the general C 4 -dicarboxylate regulatory system DcuS-DcuR. Induction by fumarate and meso-tartrate was affected by DcuS-DcuR, whereas induction by L-tartrate required TtdR and DcuS-DcuR.
The regulator TtdR binds specifically to the ttdAttdR promoter region
The binding of TtdR to the ttdA-ttdR intergenic region was tested by electrophoretic mobility shift assay (Fig. 4) . The radioactively labelled DNA fragment that contained the complete ttdA-ttdR intergenic region and extended into the coding regions of ttdR and ttdA was incubated with increasing amounts of purified TtdR. At a concentration of 100 nM TtdR a new DNA band appeared with decreased mobility. Maximal levels of the retarded band were obtained with 500 nM TtdR or higher, and about 200 nM purified TtdR was required for half-maximal retardation. Addition of L-tartrate at concentrations of up to 5 mM did not alter the shift pattern or the amount of retarded DNA (results not shown). The retardation was specific for the ttdA-ttdR intergenic region in the presence of a large excess of competitor DNA. Control DNA containing the dcuB (Fig. 4) or nuoA (not shown) promoter regions was not shifted by TtdR (Fig. 4) .
Since purified TtdR protein was not able to retard the ttdA promoter DNA completely with or without L-tartrate, it was determined whether cell-free extracts of a TtdR-overproducing strain or isolated TtdR that was depleted of the His 6 -tag showed more efficient retardation of DNA (results not shown). The extracts decreased the mobility of the promoter DNA, and with 4 mg protein extract the DNA was retarded completely. In contrast to the experiment with purified His 6 -TtdR and TtdR without His 6 -tag, no unretarded promoter DNA was left, suggesting that TtdR in the cell homogenate is in a more native or competent state for binding. However, similar to purified His 6 -TtdR or TtdR, addition of L-tartrate did not stimulate binding or affinity.
TtdR affects expression of dcuB in response to
L-tartrate
The dcuB gene is a member of the DcuS-DcuR regulon, and its expression is stimulated under anaerobic conditions by C 4 -dicarboxylates such as fumarate, malate and the tartrate isomers in a DcuS-dependent manner (Golby et al., 1999; Kneuper et al. 2005; Zientz et al., 1998) . A potential contribution of TtdR to the transcriptional regulation of dcuB9-9lacZ and to DcuS-dependent regulation was analysed ( Table 2 ). The induction of dcuB9-9lacZ by fumarate, malate and tartrate isomers was completely lost in a dcuS mutant, which is in agreement with the earlier observations. In the ttdR mutant on the other hand, induction by fumarate, L-and D-malate, and D-tartrate was not or only slightly decreased. Induction by L-and mesotartrate, however, which are the most efficient substrates of TtdR, was significantly decreased to 33 and 72 % of the corresponding wild-type level, respectively. The data suggest that TtdR is required for full expression of dcuB9-9lacZ by the effectors L-and meso-tartrate. The decreased expression in the ttdR mutant was restored in part by complementation with wild-type ttdR on a plasmid (see Table 2 ). Therefore, maximal stimulation of dcuB9-9lacZ expression by L-and meso-tartrate requires the presence of TtdR.
DISCUSSION
The TtdR or L-tartrate regulon: regulation by tartrate, O 2 and nitrate
TtdR controls the expression of the ttdAB ttdT genes of L-tartrate fermentation, and of its own structural gene, ttdR.
The genes encoding fumarase B and fumarate reductase FrdABCD, which are required in L-tartrate fermentation, but are part of fumarate respiration as well, are regulated by DcuS-DcuR (Fig. 5) . The effectors of TtdR are L-and mesotartrate, representing C 4 -dicarboxylates that carry two hydroxyl groups at C2/C3, one of which has to be in the R configuration. Since direct binding of L-or meso-tartrate to TtdR has not been demonstrated, it cannot be excluded that metabolites of tartrate represent the actual effectors. The regulatory effect of TtdR appears to be different at ttdA and ttdR in the extent and response to L-and meso-tartrate. In contrast to ttdA, expression of ttdR showed only a weak response to meso-tartarte. The promoters of ttdA and ttdR presumably respond with different affinities to TtdRtartrate complexes and are affected by additional regulators. Moreover, the mutations in ttdR and dcuS which were tested in the respective experiments control the uptake and metabolism of L-and meso-tartrate and presumably affect the intracellular concentrations of L-and meso-tartrate, resulting in different regulatory responses.
The expression of ttdA is repressed by O 2 and nitrate, and anaerobic induction depends on a functional fnr gene. The PRODORIC database (Prokaryotic Database of Gene Regulation, PRODORIC release 2; http://prodoric.tu-bs.de) (Münch et al., 2003 (Münch et al., , 2005 suggests three FNR sites upstream of the coding regions of ttdR and ttdA. Additionally, a supposed FNR half site (250 to 254), which is also mentioned by Reaney et al. (1993) , is located close to the presumptive promoter region of ttdA. Oshima & Biville (2006) have suggested that the anaerobic induction of ttdA9-9lacZ is FNR-independent. The ttdA9-9lacZ fusion used by Oshima and Biville extended up to position 2268, whereas the fusion of the present study reached up to position 2446 and included the supposed FNR site within the coding region of ttdR. FNR sites at distances .200 bp upstream of promoters have not been studied so far; therefore, understanding the role of the FNR sites in front of ttdA requires further detailed studies. The PRODORIC database also predicts a NarL site close to the putative ttdA promoter, indicating direct regulation of ttdA by NarXL/nitrate. Expression of ttdR was also repressed by O 2 and nitrate and regulated by TtdR, similar to the transcriptional regulation of ttdA. Therefore, the regulation of ttdA expression appears to be complex; it consists of direct regulation of ttdA expression, and in addition of indirect regulation that controls the levels of TtdR.
Coordination of tartrate and general C 4 -dicarboxylate metabolism by specific regulators Generally, the pathways for L-tartrate fermentation and for general C 4 -dicarboxylate metabolism are regulated inde- pendently by the use of TtdR and DcuS-DcuR (Fig. 5) . Both pathways interact, however, at the regulatory level through DcuS-DcuR, which positively regulates dcuB (similar to fumB and frdABCD) and ttdR expression, while TtdR regulates the expression of ttdAB ttdT and ttdR, and in addition expression of dcuB. Thus, under conditions of tartrate fermentation (anaerobiosis and presence of L-or meso-tartrate), TtdR stimulates maximal expression of dcuB in an unknown manner, either directly or indirectly.
The function of the DcuS-DcuR system is controlled at two levels. First, DcuS responds to the presence of C 4 -dicarboxylates (Golby et al., 1999; Kleefeld et al., 2009; Kneuper et al., 2005; Zientz et al., 1998) , which regulate phosphorylation of DcuS and DcuR. In addition, NarXL/nitrate and CRP-cAMP/ glucose control the expression and level of DcuS and DcuR (Goh et al., 2005; Oyamada et al., 2007) . In the same way the function of TtdR is subject to regulation at two different levels: the transcription of ttdR is regulated by O 2 , nitrate and tartrate, and the functional state of TtdR responds to L-and meso-tartrate (Fig. 5) . The ttdA and ttdR promoters overlap, and it will be difficult to differentiate the individual sites and their role and contribution to the control of both genes. The regulation of dcuS dcuR expression by nitrate/NarXL and by CRP-cAMP is taken from Goh et al. (2005) and Oyamada et al. (2007) , that of dcuB by DcuR and FNR from Zientz et al. (1998) and Golby et al. (1999) .
